Staphylococci cause bovine mastitis, with Staphylococcus aureus being responsible for the majority of the mastitis-based losses to the dairy industry (up to $2 billion/annum). Treatment is primarily with antibiotics, which are often ineffective and potentially contribute to resistance development. Bacteriophage endolysins (peptidoglycan hydrolases) present a promising source of alternative antimicrobials. Here we evaluated two fusion proteins consisting of the streptococcal SA2 endolysin endopeptidase domain fused to staphylococcal cell wall binding domains from either lysostaphin (SA2-E-Lyso-SH3b) or the staphylococcal phage K endolysin, LysK (SA2-E-LysK-SH3b). We demonstrate killing of 16 different S. aureus mastitis isolates, including penicillin-resistant strains, by both constructs. At 100 g/ml in processed cow milk, SA2-E-Lyso-SH3b and SA2-E-LysK-SH3b reduced the S. aureus bacterial load by 3 and 1 log units within 3 h, respectively, compared to a buffer control. In contrast to SA2-E-Lyso-SH3b, however, SA2-E-LysK-SH3b permitted regrowth of the pathogen after 1 h. In a mouse model of mastitis, infusion of 25 g of SA2-E-Lyso-SH3b or SA2-E-LysK-SH3b into mammary glands reduced S. aureus CFU by 0.63 or 0.81 log units, compared to >2 log for lysostaphin. Both chimeras were synergistic with lysostaphin against S. aureus in plate lysis checkerboard assays. When tested in combination in mice, SA2-E-LysK-SH3b and lysostaphin (12.5 g each/gland) caused a 3.36-log decrease in CFU. Furthermore, most protein treatments reduced gland wet weights and intramammary tumor necrosis factor alpha (TNF-␣) concentrations, which serve as indicators of inflammation. Overall, our animal model results demonstrate the potential of fusion peptidoglycan hydrolases as antimicrobials for the treatment of S. aureus-induced mastitis.
B
ovine mastitis, an inflammation of the mammary gland caused mostly by bacterial infection, is the most widespread disease in dairy cattle (40, 47) , resulting in the highest use of antibiotics in the dairy industry (27) . It is also the most costly disease in animal agriculture, resulting in losses of up to $2 billion per year in the United States alone (37, 61) , which corresponds to annual costs of approximately $200 per cow (39) . Staphylococcus aureus is responsible for the largest share of intramammary infections in ruminants, accounting for up to 30% of clinical mastitis cases. S. aureus infections are also the most difficult to cure (48, 66) . The efficacy of the vaccines that are currently available is limited (46, 66) (despite some promising developments in recent years [52] ), and treatment is restricted to the use of broad-range antibiotics, such as tetracycline, penicillin, and pirlimycin (18, 24) , usually administered through intramammary infusions (31, 33) . Cure rates for antibiotic treatment are often lower than 15%, which is ascribed to poor penetration of the gland by the drugs and survival of S. aureus inside phagocytic or mammary gland epithelial cells (9, 56, 66) . Moreover, the occurrence and spread of antibioticresistant strains, such as methicillin-resistant S. aureus (MRSA), are of increasing concern not only in human clinics but also in farm animals, discouraging the use of broad-range antibiotics and warranting the need for novel antimicrobials for the treatment of S. aureus bovine mastitis (24, 42, 64) .
Bacteriophage endolysins have received increasing attention as antimicrobial agents in recent years, particularly due to their high target cell specificity and because development of resistance against these enzymes is considered unlikely, due to the coevolution of phage and host and the fact that these enzymes cleave highly conserved bonds within the bacterial peptidoglycan (PG) (reviewed in references 6, 23, 29, and 44) . Endolysins are produced at the end of the lytic multiplication cycle of the phage and gain access to the host cell wall from within, mostly through the pores in the cytoplasmic membrane created by phage-encoded holin proteins (67, 68) . Degradation of the PG by the endolysin in combination with the bacterial cell's internal turgor pressure results in cell lysis and liberation of phage progeny. In the case of Gram-positive bacteria such as staphylococci, which lack an outer membrane, these proteins can also act as exolysins (i.e., lyse the bacteria from without), making them potential antimicrobials, with possible applications in biotechnology, medicine, food safety, and agriculture (28, 36, 44) . Furthermore, application from without is expected to reduce the number of possible resistance mechanisms, as, e.g., active efflux from the bacterial cell or reduced membrane permeability would likely affect only agents attacking targets inside the cell (22) .
Endolysins from a Gram-positive background show a modular architecture, consisting of at least one enzymatically active domain (EAD), which cleaves a specific bond in the PG, and at least one cell wall binding domain (CBD), which targets the enzyme to its substrate in the cell wall, often with high specificity (44) . PG hydrolases specific for the same cell wall type but featuring different cut sites in the PG have been shown to act synergistically against their target cells when used in combination (3, 43) . Moreover, the modular organization of phage endolysins allows mod-ification and optimization of lytic and binding properties by rational design and molecular engineering, yielding chimeric enzymes (5, 15, 16, 20, 24, 60) .
When the efficacy of antimicrobial agents for treatment of bovine mastitis is being assessed, in vitro experiments are of limited significance due to the complex interactions between pathogens, antimicrobials, and components of the host's immune response inside the mammary gland. On the other hand, high costs and complex management are associated with studies in cows. The mouse model of bovine mastitis, developed in the early 1970s (11) , is a suitable and relatively inexpensive analysis as a prelude to a cow study (reviewed in references 9 and 48). Numerous studies have been carried out using this model to test the efficacy of various antimicrobial agents and stimulants of the immune response against S. aureus-induced mastitis (1, 7, 8, 12, 14, 19, 56) . One of these agents is lysostaphin, a staphylococcal PG hydrolase that is similar to a bacteriophage endolysin with regard to its modular architecture and mechanism of action (57) . Lysostaphin has been shown to treat or prevent mastitis caused by S. aureus both in mouse models and in cattle, when infused into the teat canal or expressed in mammary glands of transgenic animals (7, 39, 51, 66) . A major drawback of using lysostaphin as a single therapeutic, however, is its susceptibility to resistance development, which is due to the fact that it cleaves within a variable part of the staphylococcal peptidoglycan, the pentaglycine bridge (57) . This portion can be altered by the bacterium, as reflected by a number of characterized lysostaphin-resistant strains (17, 26, 34) and the identification of genes whose products have the enzymatic activity to perform this modification (13, 62) .
To our knowledge, there are no studies to date reporting the use of bacteriophage endolysins or endolysin-derived antimicrobials in a mouse model of bovine mastitis. The enzymes SA2-ELyso-SH3b and SA2-E-LysK-SH3b are chimeric lysins consisting of an endopeptidase domain of the streptococcal phage lysin SA2 and SH3b CBDs from the staphylococcal phage lysin LysK and lysostaphin, respectively (5). The endopeptidase domain used for the fusions originates from the endolysin of the SA2 prophage of Streptococcus agalactiae serotype V strain 2603 V/R (ATCC BAA-611), a human clinical isolate (54) . The cut site of the SA2 endopeptidase (54) is conserved in both streptococcal and staphylococcal PG, and the fusion to Staphylococcus-specific CBDs renders the enzymes highly active against S. aureus while maintaining considerable streptolytic activity (5). Here we evaluated the potential of SA2-E-LysoSH3b and SA2-E-LysK-SH3b as antimicrobial agents against S. aureus-induced bovine mastitis using a mouse model.
MATERIALS AND METHODS
Plasmids, bacterial strains, and growth conditions. Plasmids encoding the C-terminally 6ϫHis-tagged chimeric proteins SA2-E-Lyso-SH3b and SA2-E-LysK-SH3b in a pET21a backbone (EMD Biosciences, San Diego, CA) were described earlier (5), as well as the pET21a construct expressing mature lysostaphin (accession no. P10547.2) with a C-terminal 6ϫHis tag (4). Overexpression of proteins was performed in Escherichia coli BL21(DE3) (Invitrogen, Carlsbad, CA) cultured at 37°C in modified Luria-Bertani (mLB) medium (15 g/liter tryptone, 8 g/liter yeast extract, 5 g/liter NaCl) (59) supplemented with 150 g/ml ampicillin for plasmid selection and maintenance. Staphylococcal strains used include the mastitis strain S. aureus Newbould 305 (ATCC 29740) and a collection of 15 isolates from mastitic cows (a gift from Yasunori Tanji, Tokyo Institute of Technology, Yokohama, Japan) (63) . Staphylococci were grown in tryptic soy broth (TSB) at 37°C.
Expression and purification of 6؋His-tagged proteins. Protein expression and purification were performed essentially as previously described (25) , with the following modifications. Induced E. coli cultures were harvested, resuspended in 10 ml of lysis buffer (50 mM NaH 2 PO 4 , 300 mM NaCl, 10 mM imidazole, 30% glycerol [pH 8.0]) per 1-liter culture, and sonicated on ice for 5 min (1-s pulses separated by 1-s rests). After removal of debris by centrifugation (9,000 ϫ g for 30 min), 6ϫHis-tagged proteins were purified from the cleared supernatant by immobilized metal ion affinity chromatography, using nickel-NTA Superflow resin (Qiagen, Valencia, CA). Purification columns were washed with 25 column volumes (CV) of lysis buffer supplemented with 0.1% Triton X-114 for removal of endotoxins (55), 40 CV of lysis buffer, and 15 CV of wash buffer (50 mM NaH 2 PO 4 , 300 mM NaCl, 20 mM imidazole, 30% glycerol [pH 8.0]). Target proteins were eluted with elution buffer (50 mM NaH 2 PO 4 , 300 mM NaCl, 250 mM imidazole, 30% glycerol [pH 8.0]) in 500-l fractions. Fractions with high protein concentrations were combined, filter sterilized (0.22 m), and stored on ice. For animal experiments, proteins were transferred to Dulbecco's phosphate-buffered saline (DPBS; Thermo Scientific, Rockford, IL) supplemented with 1% glycerol via Zeba desalting columns (Thermo Scientific) and filter sterilized. Protein concentrations were measured spectrophotometrically using a NanoDrop ND-1000 (NanoDrop Technologies, Wilmington, DE), and purities were determined via sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Endotoxin concentrations were determined using a Limulus amoebocyte lysate (LAL) assay (Lonza, Walkersville, MD).
Plate lysis assay. To test activity of chimeric lysins and lysostaphin against multiple mastitis strains, purified proteins (10, 1, and 0.1 g in a volume of 10 l) were spotted onto a freshly spread lawn of log-phase staphylococcal cells (optical density at 600 nm [OD 600 ] ϭ 0.4 to 0.6, diluted 1/4 immediately before plating) that had air dried for 15 min on gridded tryptic soy agar (TSA) plates. Buffer without protein was spotted as a control. The plates were air dried for another 10 min in a laminar flow hood and incubated overnight at 37°C. Cleared spots indicating cell lysis were scored within 24 h of plating the cells. Staphylococcal strains used for plate lysis are shown in Table 1 . To determine minimum inhibitory amounts (MIAs) of lysins against S. aureus Newbould 305 in a plate lysis assay, 2-fold serial dilutions of each protein were spotted on a bacterial lawn as described above. The smallest amount of protein in a volume of 10 l causing a lysis zone was defined as the protein's MIA. Activity in cow milk. The activity of chimeric peptidoglycan hydrolases in cow milk was determined as described by Obeso et al. (49) . Commercial whole-fat ultra-high-temperature-sterilized (UHT) milk (Parmalat) at 37°C was inoculated with either 2 ϫ 10 3 CFU/ml or 2 ϫ 10 6 CFU/ml of exponentially growing cells of S. aureus Newbould 305. Immediately after inoculation, purified lysins (100 g/ml) or buffer (control) was added, and the milk samples were incubated at 37°C without shaking. Bacterial concentrations were determined by serial dilution plating on tryptic soy agar (TSA) of samples taken immediately before and after addition of enzymes and then at 1-h intervals for up to 3 h. The absence of bacteria in noninoculated milk was verified by direct plating on TSA. All experiments were repeated at least three times.
Mouse model of bovine mastitis. To evaluate the efficacy of purified, individually administered peptidoglycan hydrolases in a mouse model of bovine mastitis, female C57BL6/SJL mice were challenged intramammarily with S. aureus Newbould 305 as described earlier (65), followed by intramammary infusions of proteins or buffer as control. Two different procedures (A and B) were compared as described below. On the day of challenge, dams between days 7 and 15 of lactation were separated from their pups for 4 h. After that, pups were allowed to nurse for 1 h in order to deplete mammary glands of milk. Experimental animals were anesthetized by intraperitoneal injection of Avertin (375 g/g body weight), and three of four glands used in the experiment (R3, R4, L3, L4) were infused with 10 2 CFU (procedure A) or 10 4 CFU (procedure B) of S. aureus in 50 l of 0.4% trypan blue solution (Sigma, St. Louis, MO). To facilitate the inoculation, approximately 0.5 mm of the distal end of the teat was removed (snipped), and a 32-gauge luer-lock stub adapter (LSA-32; Access Technologies, Norfolk Medical, Inc., Skokie, IL) attached to a Hamilton syringe filled with the bacterial suspension was threaded approximately 4 mm into the teat canal. The fourth teat was snipped, but no infusion was performed on this gland. At 6 h (procedure A) or 30 min (procedure B) after the challenge, two of the challenged glands were infused with 25 g of SA2-E-Lyso-SH3b or SA2-E-LysK-SH3b or lysostaphin in a volume of 50 l of DPBS plus 1% glycerol, whereas the third challenged gland received 50 l of buffer without protein. No infusion was performed on the fourth (snipped only) gland. Following infusions, Vetbond surgical glue (3M Animal Care Products, St. Paul, MN) was placed on all snipped teats to prevent leaking and cross-contamination, and mice were returned to their cages. Animals were euthanized 24 h after the bacterial challenge, and mammary glands were aseptically dissected and weighed. A portion of each gland was homogenized in DPBS (100 mg/ml) using a Polytron (Kinematica, Lucerne, Switzerland), and serial dilution plating on TSA was performed to determine intramammary bacterial concentrations. An aliquot of the homogenized gland was centrifuged (15,800 ϫ g, 15 min, 5°C), and the supernatant was stored at Ϫ20°C until used for the tumor necrosis factor alpha (TNF-␣) assay (see below).
To determine the effect of combined administration of SA2-E-LysKSH3b and lysostaphin, experiments were performed as delineated above, with the following modifications. All animals were challenged with 10 3 CFU per gland in four glands and treated 30 min after the challenge with buffer (control), SA2-E-LysK-SH3b (25 g/gland), lysostaphin (25 g/ gland), and a combination of SA2-E-LysK-SH3b and lysostaphin (a mixture of 12.5 g of each protein per gland). Every animal received all four treatments in four different glands in a randomized fashion. Mice were euthanized 18 h after the challenge. All animal experiments were conducted in accordance with a protocol approved by the Beltsville Agricultural Research Center Institutional Animal Care and Use Committee.
Determination of synergy in vitro. A modified version of a classical checkerboard assay (32) using a plate lysis instead of a microdilution broth format was employed to examine synergistic effects between the chimeric peptidoglycan hydrolases and lysostaphin. The plate lysis format was chosen because the microdilution broth method described by Jones et al. (38) for determination of MICs failed to yield a clear MIC for either SA2-E-Lyso-SH3b or SA2-E-LysK-SH3b, making it difficult to set up checkerboard experiments with these proteins using the broth method. For the plate lysis checkerboard assays, twofold serial dilutions of both enzymes to be tested were prepared, mixed in two dimensions in a 96-well dish, and then spotted onto a freshly plated and air-dried lawn of S. aureus Newbould 305 on a gridded TSA plate as described above. The serial dilutions were prepared so that the largest amount spotted for each individual enzyme was its MIA. After overnight incubation, lysis zones were evaluated by densitometry using the software Alpha Imager (Alpha Innotech, San Leandro, CA). A photograph of the plate was taken, and for every square of the grid, the inverted integrated density value (IDV) of the circular spot area was calculated. From each value, a background value (corresponding to the area outside the spot) was subtracted. The lower of the two values corresponding to the MIAs of the two enzymes was defined as the cutoff value, and every spot on the plate yielding a value equal to or greater than the cutoff value was considered a lysis zone. For each lysis zone along the inhibitory line on the plate, the sum of the fractional inhibitory amounts (FIAs; corresponding to FICs in the microdilution broth method) of both proteins (⌺FIA ϭ FIA A ϩ FIA B ) was calculated. According to Hall et al. (35) , a ⌺FIC of Ͻ0.5 indicates strong synergy. An isobologram was created as described by Loeffler and Fischetti (43) from the results of at least three experiments.
Determination of intramammary TNF-␣ concentration. The Quantikine mouse TNF-␣/TNFSF1A immunoassay (R&D Systems, Minneapolis, MN) was used for determination of TNF-␣ concentration in murine mammary glands. Seventy-five homogenized gland tissue samples from the animal experiments outlined above (8 to 15 samples per treatment) were randomly selected, and 50 l of the cleared supernatants was used for the enzyme-linked immunosorbent assays (ELISA) according to the manufacturer's instructions. Samples from glands not inoculated with bacteria were included as controls. A 450 readings were taken in a Spectra Max 340 96-well plate reader (Molecular Devices, Sunnyvale, CA), wavelength correction was done by A 540 readings, and TNF-␣ concentrations were determined using a standard curve.
Statistical analysis. For the mouse experiments with individually administered enzymes using two different procedures, the variables log 10 CFU and wet weight were analyzed as two-factor repeated-measures models using PROC MIXED (SAS Institute, Cary, NC) with mouse ID as the repeated factor. The unstructured covariance structure was used to model the within mouse correlation. For the experiments with SA2-ELysK-SH3b and lysostaphin tested in combination, one-factor repeatedmeasures models were employed. The compound symmetric structure was used for log 10 CFU, and the autoregressive integrated moving average (ARIMA) (1) structure was used for wet weight. One probable outlier was excluded from the analysis. In case of the TNF-␣ experiment, a one-factor model was used. Two probable outliers were excluded from the analysis, and the variance grouping technique was used to correct for heterogeneous variances. The assumptions of all models used were checked and met. Means comparisons were done with Sidak adjusted P values so that the experiment-wise error was 0.05.
RESULTS
Chimeric lysins show activity against various mastitis causing S. aureus strains. The chimeric lysins SA2-E-Lyso-SH3b and SA2-E-LysK-SH3b were produced in E. coli and purified via their C-terminal 6ϫHis tags, yielding Ͼ90% purity, as had been demonstrated previously (5) (data not shown). Both proteins as well as lysostaphin were tested in plate lysis assays against multiple S. aureus mastitis strains. These included the reference strain S. aureus Newbould 305 and a collection of 15 different isolates from mastitic cows in Japan (63) . As shown in Table 1 , all tested strains were susceptible to the lytic action of both enzymes, with 100 ng to 1 g of protein causing visible lysis zones on the bacterial lawns. While the smallest amounts tested of both proteins were active against 12 of 16 strains, strains SA021 and SA026 required a larger amount of SA2-E-LysoSH3b, and strains SA028 and SA033 were less sensitive to both enzymes. Lysostaphin exhibited strong lytic activity against all tested strains at 1 g per spot.
Lytic activity in cow milk. As a first approach to evaluate the suitability of SA2-E-Lyso-SH3b and SA2-E-LysK-SH3b as antimicrobial agents against bovine mastitis-causing staphylococci, their lytic activity in cow milk against exponentially growing S. aureus cells was tested, using an in vitro assay described by Obeso et al. (49) . Commercial ultra-high-temperature-processed whole milk at 37°C was inoculated with S. aureus Newbould 305 at two different inoculation levels (2 ϫ 10 3 and 2 ϫ 10 6 CFU/ml, mimicking bacterial concentrations at early and acute stages of mammary gland infection, respectively), followed by addition of enzymes at 100 g/ml (Fig. 1) . Both enzymes were demonstrated to be active in the milk, reducing bacterial numbers over the course of the experiment (3 h) compared to the buffer control for both high and low inoculation levels. However, whereas SA2-E-LysKSH3b merely caused a temporary decrease in viable counts, followed by resumed cell growth, SA2-E-Lyso-SH3b continued to kill S. aureus cells until the end of the experiment. After 3 h, the difference in viable counts between the protein and control samples was approximately 3 log units for SA2-E-Lyso-SH3b and between 1 and 1.5 log units for SA2-E-LysK-SH3b.
Chimeric lysins reduce bacterial concentrations in a mouse model of mastitis.
Intramammary infection in murine mammary glands depleted of milk was initiated by infusing cells of the S. aureus mastitis strain Newbould 305 in a 0.4% trypan blue solution into the teat canal. Trypan blue had been shown in a previous study to be a suitable marker dye to confirm successful infusion of the mammary gland without eliciting a detectable immune response (65) . Proteins used for treatment of the mice were purified using the Triton X-114 protocol for removal of bacterial endotoxins (55), resulting in endotoxin concentrations of Ͻ5 endotoxin units/ml (data not shown). Following inoculation, the infected glands were treated with 25 g/gland of either SA2-E-LysoSH3b, SA2-E-LysK-SH3b, or lysostaphin, or with buffer as a control. Lysostaphin has been demonstrated to be a potent antimicrobial against intramammary S. aureus infection in a similar mouse model (7), and it was therefore used as a positive control in this study. Two procedures (A and B) were performed, with differences in the bacterial concentration used for inoculation and the time between inoculation and treatment, as shown in Table 2 . At the time of mammary gland dissection (24 h after the challenge), the success of bacterial infusion and penetration of the glands was assessed by visualization of the trypan blue (see Fig. S1 in the supplemental material), and only glands successfully infected were used for further analysis. Mammary glands were analyzed for bacterial concentration and wet weight, the latter being an indicator of edema caused by the bacterium-induced inflam-
FIG 1
Effect of chimeric lysins on bacterial concentrations of S. aureus in whole cow milk at 37°C. Commercial UHT homogenized whole cow milk was inoculated with 2 ϫ 10 6 (A) or 2 ϫ 10 3 (B) CFU/ml of exponentially growing S. aureus Newbould 305, and SA2-E-Lyso-SH3b () or SA2-E-LysK-SH3b () at a concentration of 100 g/ml, or buffer (ϫ) as a control, was added after inoculation. Bacterial concentrations were determined by serial dilution plating of samples taken immediately before and after addition of enzyme or buffer and at 1-h intervals thereafter. Error bars represent standard errors of the means from at least three separate experiments. a Glands were inoculated with 100 (procedure A) or 10,000 (procedure B) CFU/gland and treated with SA2-E-Lyso-SH3b, SA2-E-LysK-SH3b, lysostaphin, or buffer (control) after 6 h (A) or 30 min (B). The number of glands used for each treatment in the analysis is given in parentheses. Values followed by different letters are significantly different (P Ͻ 0.05).
matory response (65) . Statistical analysis revealed that there was no significant difference between procedure A (10 2 CFU, 6 h) and B (10 4 CFU, 30 min) in terms of the outcome of the experiment, regarding both bacterial numbers (P ϭ 0.37) and wet weights (P ϭ 0.24). In both cases, S. aureus numbers in the control (buffertreated) glands at the time of harvest exceeded 10 6 CFU/mg, corresponding to approximately 10 9 CFU per average mammary gland (Table 2 ). Both chimeric lysins significantly (P Ͻ 0.05) reduced bacterial numbers in the mammary glands compared to the control (0.63 and 0.81 log units for SA2-E-Lyso-SH3b and SA2-E-LysK-SH3b, respectively), but their effects were considerably weaker than that of lysostaphin (2.82-log unit reduction). A similar trend was observed for the effect of protein treatments on mammary gland wet weight. The mean wet weights for all treatments were lower than that of the buffer control; however, lysostaphin was the only treatment resulting in a statistically significant difference.
Synergistic effect with SA2 endopeptidase fusions and lysostaphin. In order to identify a more robust mastitis treatment, the possibility of antimicrobial synergy between the SA2 endopeptidase fusions and lysostaphin was explored. The staphylococcal peptidoglycan cut sites of lysostaphin and the SA2 endopeptidase domain have been shown to be different (54, 58) , giving rise to the potential for a synergistic effect when these proteins are applied simultaneously. To investigate this possibility, the checkerboard synergy testing method using a plate lysis format was employed. The minimum inhibitory amounts (MIAs) of lysostaphin, SA2-E-Lyso-SH3b, and SA2-E-LysK-SH3b against S. aureus Newbould 305 as determined by plate lysis were 0.042 Ϯ 0.025 g, 0.34 Ϯ 0.13 g, and 0.38 Ϯ 0.18 g, respectively. When checkerboard assays were performed using twofold serial dilutions of these MIAs (see Fig. S2 in the supplemental material), the resulting isobolograms yielded curves characteristic of antimicrobial synergy for the interactions of lysostaphin with either SA2-E-Lyso-SH3b or SA2-E-LysK-SH3b ( Fig. 2A and B) . As a control, lysostaphin was used in both dimensions of the checkerboard plate, yielding a curve expected of an additive effect (Fig. 2C) . The calculated ⌺FIAs were 0.42 Ϯ 0.07 (lysostaphin with SA2-ELyso-SH3b) and 0.46 Ϯ 0.07 (lysostaphin with SA2-E-LysKSH3b), indicating a strong synergistic effect with both combinations.
To determine if this synergy is effective in vivo, a combination of SA2-E-LysK-SH3b and lysostaphin was tested in the mouse model described above (Table 3) . SA2-E-LysK-SH3b was chosen over SA2-E-Lyso-SH3b for this experiment, as it tended to exhibit a slightly stronger effect in the mouse model (Table 2 ). In the combined treatment, each protein was administered at half the concentration of the individually applied proteins. As a minor modification of the mammary gland challenge protocol, the S. aureus concentration in the inoculum (10 3 CFU/gland) and the time between challenge and mammary gland dissection (18 h) were slightly different from those in the earlier experiments. However, bacterial CFU in the control glands reached comparable numbers after 18 h and 24 h, exceeding 10 6 CFU/mg, and similar effects were observed regarding reduction of bacterial numbers by SA2-E-LysK-SH3b and lysostaphin administered individually (0.86-and 2.14-log reductions, respectively) compared to the control. The dual treatment reduced bacterial numbers by 3.36 log units compared to the control, which was a significantly (P Ͻ 0.05) greater effect than those of the individually applied proteins (Table 3 ). All protein-treated glands showed significantly lower wet weights than the control glands, suggesting decreased levels of inflammation (65) , even though differences between the protein treatments were not statistically significant.
Effect of lysin administration on TNF-␣ concentration in mammary gland tissue. In addition to edema formation, which results in higher gland weights, the concentrations of certain proinflammatory cytokines, such as TNF-␣, in mammary gland tissue can be used as indicators of inflammation (65) . In order to deter- mine the effects of different protein treatments on intramammary TNF-␣ concentrations, homogenized mammary gland samples from the mouse experiments in this study were randomly selected, and TNF-␣ concentrations were determined by an ELISA (Fig. 3 ). Glands challenged with S. aureus and treated with buffer alone showed a Ͼ20-fold increase in TNF-␣ compared to glands that had not been infused with bacteria (i.e., glands that were snipped only). Despite high variability observed for some treatments, all protein treatment sample means except those for SA2-E-LysoSH3b were significantly (P Ͻ 0.05) lower than the mean for the buffer-treated control glands. Furthermore, the effects of different protein treatments on TNF-␣ concentrations showed a trend similar to that of the effects on bacterial concentrations (Tables 2 and  3) , with SA2-E-Lyso-SH3b being least and the combination of lysostaphin and SA2-E-LysK-SH3b being most effective. The combination treatment did not significantly differ from the lysostaphin treatment; however, it was also the only treatment resulting in TNF-␣ concentrations not significantly different from those in glands not infused with bacteria (snipped only).
DISCUSSION
The chimeric fusion proteins SA2-E-Lyso-SH3b and SA2-ELysK-SH3b each consist of the same streptococcal EAD and a unique staphylococcal CBD. Both chimeras were previously demonstrated to kill mastitis-causing streptococci as well as lab strains of S. aureus in several in vitro assays (5). Here we showed that both chimeric enzymes are active against 16 of 16 previously characterized bovine mastitis isolates in plate lysis assays and against one of these (Newbould 305) in cow milk and a mouse model of mastitis. Both constructs demonstrated antimicrobial synergy with lysostaphin in the checkerboard assay, and when they were tested in the mouse model, a more robust eradication of S. aureus was achieved when both lysostaphin and the SA2-E-LysK-SH3b fusion were added simultaneously. Activity in milk or a milk-like environment is an essential requirement for an anti-mastitis drug administered through the teat canal. Even if treatment is performed on glands depleted of milk or at dry-off, inhibition by residual milk components may potentially impair the efficacy of any antimastitis agent. The SA2 endolysin is highly active in cow milk against streptococcal cells (M. Schmelcher, unpublished data), rendering the fusion proteins SA2-E-Lyso-SH3b and SA2-E-LysK-SH3b (which target both streptococcal and staphylococcal cells in vitro) promising candidates to target S. aureus in milk. Although conclusions as to the efficacy of a protein antimicrobial inside a mammary gland should not be drawn from the results of ex vivo milk experiments, we employed cow milk assays as a standardized and quick way to screen for candidate antimastitis enzymes. Commercially heattreated sterile cow milk was used in an effort to reduce the complexity of the flora in the milk; however, it should be noted that the activity of the lysins observed in this setting is potentially different from the activity in raw cow milk, as S. aureus has been reported to aggregate and associate with fat globules in raw milk, and this association is eliminated by pasteurization, i.e., heat treatment (41, 50) . Even though both chimeric proteins diminished bacterial numbers in milk compared to a no-enzyme control, cells exposed to SA2-E-LysK-SH3b as opposed to SA2-E-Lyso-SH3b resumed growth during the experiment independent of the inoculation level. This clear difference in efficacy between the two enzymes was unexpected, as they differ only in approximately 50% of the amino acids in their 63-residue SH3b CBD and have been shown to exhibit very similar (less than a twofold difference) activities in vitro (5) ( Table 1) . While the duration of the milk assays (3 h) is likely too short to expect selection for and outgrowth of a subpopulation of resistant S. aureus cells, possible explanations for the rapid return of the S. aureus growth might include reduced affinity of the LysK SH3b domain for the staphylococcal cell wall due to changes in the cell envelope resulting from growth in milk and a more rapid inactivation of SA2-E-LysK-SH3b in milk, e.g., through binding to milk components, as has been suggested for both bacteriophage endolysins and bacteriocins (10, 24, 53) . While Gram-positive bacteriophage endolysins such as LysK usually remain tightly bound to cell wall fragments after host cell lysis in order to prevent diffusion and consequently exolysis of intact host cells not yet infected by the phage (45), a bacteriocin such as lysostaphin relies on diffusion through the growth medium to accomplish exolysis of target cells and may therefore have evolved to exhibit a lesser degree of interaction with components of the growth environment (e.g., milk). The effects of lysostaphin on intramammary S. aureus numbers were similar for the different experimental conditions tested here and consistent with what was reported previously by Bramley and Foster (7), who also found a 2-to 3-log 10 reduction in CFU after infusion of lysostaphin. Also, for SA2-E-Lyso-SH3b and SA2-E-LysK-SH3b, the outcome of the experiment seems to be largely independent of the initial inoculum and the time between challenge and treatment. The reason for this may lie in the previously reported independence of the infection level from the concentration of the initial inoculum (the maximal infection with a resulting bacterial burden of 10 8 to 10 10 CFU/gland is usually achieved within 24 h, even with inocula lower than 100 CFU/gland [9] ) and the fact that the infection in mice proceeds very fast compared to that in cows due to the lower number of resident phagocytes in the murine gland (2), which could potentially make the time between challenge and treatment a less crucial factor. "Snipped only" represents samples from glands that were snipped but not inoculated with bacteria. "Buffer" indicates glands that were inoculated with bacteria and later received DPBS without lysin. The remaining treatments consisted of inoculation of glands with bacteria, followed by administration of lysins in DPBS. Protein concentrations were 25 g/gland for individually administered proteins (lysostaphin, SA2-E-Lyso-SH3b, and SA2-E-LysKSH3b) and 12.5 g/gland for each protein in the combination treatment (lysostaphin ϩ SA2-E-LysK-SH3b). Error bars represent standard deviations from 8 to 15 samples per treatment. Treatment means with different letters are significantly different (P Ͻ 0.05).
However, it should be noted that conclusions as to how each individual experimental parameter (e.g., time to lysin administration or amount of S. aureus inoculum) affects the outcome of the experiment are difficult to infer from these studies, because these two parameters were modified simultaneously in each procedure. Synergy between peptidoglycan hydrolases featuring different cut sites in the PG is not a new phenomenon (3, 43) , and therefore the in vitro synergistic effects shown here between the chimeric lysins (which cleave the D-Gln-L-Lys bond in the stem peptide) (54) and lysostaphin (which cleaves glycyl-glycine bonds in the interpeptide bridge) were not unexpected. As suggested for the enzymes Pal and Cpl-1 (43), these positive interactions could be due to enhanced destructive effects when two different bonds are targeted simultaneously within the three-dimensional structure of the PG, or they could be due to increased accessibility of one cut site after cleavage of the other. While the checkerboard assay is a commonly used method to demonstrate synergy between two antimicrobial agents, the novel plate lysis format employed here, which involved spotting proteins on a freshly plated lawn of bacteria, may be a practical method for other cases where no clear MIC in liquid broth can be obtained.
SA2-E-LysK-SH3b was chosen to be tested in vivo in combination with lysostaphin due to its slightly higher reduction of bacterial numbers and wet weights compared to SA2-E-Lyso-SH3b when applied individually. However, the higher activity of SA2-E-Lyso-SH3b in cow milk suggests that this protein may be better suited for administration in a bovine mammary gland. The combination of SA2-E-LysK-SH3b and lysostaphin was significantly more effective in reducing S. aureus numbers than any of the individual protein treatments, with intramammary TNF-␣ concentrations showing the same trend. Combined application of antimicrobial agents not only takes advantage of synergistic effects but also is expected to reduce the chance of resistant strain development, as two simultaneous mutations are likely required to render a cell resistant to both agents (3, 28) . Furthermore, combinations of antimicrobials have been shown to act synergistically even against strains highly resistant to one of the components (21) . In addition to mixtures of two different PG hydrolases as investigated in this work, other classes of antimicrobials, such as antibiotics (21) and bacteriocins (30) , have also been reported to exhibit synergy when combined with endolysins, and such combinations may therefore hold promise for treatment of infections such as bovine mastitis. Our chimeric enzymes showed activity against all mastitis isolates tested. When a subset of these 16 strains was tested for antibiotic susceptibility, two of six isolates showed increased resistance against penicillin G (30-fold and 500-fold higher MICs for SA021 and SA026, respectively, than for a reference strain) (41), whereas both strains were susceptible to our lysins at levels comparable to those of the antibiotic-sensitive strains (Table 1) . Differences in susceptibility between the tested strains can possibly be explained by strain-specific differences in surface structures (e.g., capsules, teichoic acids, and other cell wall polymers), which may affect accessibility of cut sites or binding ligands of the enzymes. The parental SA2 endolysin has previously been shown to exhibit only marginal activity in plate lysis against staphylococci (5, 25) , whereas the staphylococcal phage lysin LysK has been demonstrated in our lab to be active against all 16 mastitis isolates described here at concentrations similar to those of the chimeric enzymes. However, in contrast to SA2, LysK shows only weak activity in cow milk (unpublished data).
These findings disqualify both parental phage lysins from being used as antimicrobials against S. aureus-induced bovine mastitis.
A mouse model of S. aureus-induced bovine mastitis can certainly not replace experiments in cows, as both mammary glands and milk differ significantly between cattle and mice. However, the consequences of bacterial infection regarding infiltration of polymorphonuclear leukocytes, tissue damage, and interactions between pathogens and host cells have been demonstrated to be similar in both animals (reviewed in references 9 and 48). Therefore, the mouse model can give valuable insight into the effects of antimicrobials on pathogens in a representative complex growth environment, constituting an inexpensive tool for primary evaluation of potential antimastitis agents. This is the first study evaluating the use of chimeric phage endolysin-derived antimicrobials in a mouse model of intramammary S. aureus infection. Although our results suggest that the effects of the individually administered chimeric enzymes may not be strong enough to prevent or cure acute bovine staphylococcal mastitis infections, certainly the mouse model results with the combination of SA2-E-LysKSH3b and lysostaphin support the testing of this combination in cows for the ability to cure or decrease the severity of such infections.
